We performed low-temperature
(77 K) photomodulated transmission in two different
In, Gai As/GaAs superlattices with fixed built-in fields. Sample parameters are such that in one of them electrons are in the Stark-Wannier field regime while in the other they are in the Franz-Keldysh regime. In both samples, however, light holes are seen to be in the Franz-Keldysh regime. From this we infer that the light-hole valence bands are essentially lined up on both sides of the In Gai As/GaAs heterojunction.
Strained-layer In Gai As/GaAs superlattices have been extensively studied by means of modulation spectroscopy and other optical techniques.
One of the important questions, that has generated conflicting reports, is the band alignment in the In Gai As/GaAs heterojunction. This alignment is usually expressed in terms of a parameter: Q = AE, /(AE, + AE"""), where AE, (AE""") is the discontinuity at the bottom (top) of the conduction (heavy-hole valence) bands. The large splitting between the top of the heavy-and lighthole valence bands introduced by strain results in a different superlattice potential profile for each type of carrier. For a given value of Q, which we shall call Qo, the top of the light-hole valence bands on both sides of the heterojunction is exactly aligned. This leads to a situation in which if Q ( Qo (Q ) Qo) the light holes are confined in the GaAs (alloy) layers, while if Q Qo they are essentially free to move through the whole superlat tice. Most of the optical studies suggest that the value of Q is always slightly higher than Qo, resulting in a type-II alignment for light holes. This mismatch of the light holes, however, is very small, so that these carriers would be practically unconfined. Another point of interest in these materials resides in the fact that transmission measurements detect only the signal originating in the superlattice, since the remaining parts of the samples (substrate, buffer, and capping layers) are transparent in the photon region of interest. This facilitates studies of the efI'ect of electric fields on the optical properties of In Gai As/GaAs superlattices, since the resulting spectra are free from the oscillatory efI'ects introduced by the field in the transmission edge of GaAs (which constitutes the rest of the samples). ' The effect of an external electric field F on the electronic states of a semiconductor can be formulated in relatively simple terms for two extreme cases. For weak fields the effective-mass approximation is used and the eigenstates are represented by Airy functions, which are delocalized and have a continuous energy spectrum (Franz-Keldysh effect) . Very large fields produce localization of the wave function on a length scale A = 6/eF, where 6 is the width of the zero-field energy band. These are known as Stark-Wannier states. The region of validity of these approximations can be defined in terms of an efI'ective field be formed. They manifest themselves by the appearance of a series of equally spaced peaks in the optical constants known as Stark-Wannier ladders (SWL's). This regime is not attainable in bulk semiconductors (6 1 eV, D 6 A. ), even for very high fields. On the other hand, in a semiconductor superlattice there is the possibility of tailoring the bandwidth (b, ) and period (D) in such a way as to achieve f 1 with relatively modest applied fields (F 104 -10s V/cm). Following the first reports of Stark-Wannier ladders formation, ' the highfield regime has been extensively studied.
The first observation of the weak (FK) field regime in a semiconductor superlattice is, to the best of our knowledge, that of Cerdeira et at. These authors report the existence of Franz-Keldysh oscillations in the photomodulated transmission spectrum of an In Gai As/GaAs superlattice with 7 kV/cm built-in electric field. Since then, other optical measurements detected the Franz-Keldysh regime in Al Gai As/GaAs superlattices. ' In a recent publication, Ribeiro, Cerdeira, and Roth report electro-Inodulated and photomoduh. ted transmission measurements performed in an In Gai As/GaAs superlattice grown in a p-i-n configuration, so that a dc electric field could be applied (F 0 -15 kV/cm). Their spectra for the transitions between the heavy-hole and conduction minibands (hh) show a continuous evolution from Franz- Table I . These parameters were determined by means of x-ray diffraction measurements.
The strain was also measured by Raman scattering and photomodulated reBectivity of the Ei transitions of GaAs. s The two samples differ considerably in the In molar fraction (Table I) In Fig. 1 we show the photomodulated transmission spectrum of sample A. Two distinct types of structures appear in the spectrum. The one at lower (higher) photon energy is associated with electronic transitions from the heavy-(light-) hole valence band to the conduction miniband. The heavy-hole-to conduction-miniband structure (hh line) has a line shape that can be understood as a superposition of three third-derivative line shapes (TDLS);i'2 hence, we conclude that there are three closely spaced electronic transitions around the region where the hh transition should be. The second structure (lh line) occurs in the energy region where light-holeto conduction-band transitions should occur, and has the unmistakable signature of In this case the energy positions of alternating maxima and minima in the spectra of Fig. 1(b 
where e is the electronic charge, p is the reduced effective mass for the optical transitions, and Eo is the lh intersubband transition energy for the field-&ee superlattice.
The resulting plot is shown as an inset in Fig. 1(b) . The consistency of this interpretation is shown both by the linearity of the plot and by the value obtained for the light-hole transition (Eos" --1.419 eV), which coincides exactly with that calculated with an envelope-function model for Q = 0.61. This value of Q is only slightly above that of Qo for this sample (see Table II ), in agreement with the suggestion of Ref. 2. The slope of this line is consistent with the existence of a built-in electric field in this sample of 3.7 kV/cm (see Table II ). Now we turn our attention to Fig. 1(a) . Here instead of a series of exponentially decaying oscillations, we have a superposition of three equally spaced TDLS's. The central, most intense line of this multiplet is Banked by two equally spaced lines of smaller amplitude (40% and 10% of the central line intensity for the higher and lower energy lines, respectively). Since we already established the existence of a dc electric field, this triplet is attributed to the formation of Stark-Wannier ladders in the heavy-hole-to conduction-band transition. Within this interpretation, the photon energies at which the members of the multiplet occur should obey ' E"=E0 + neFD (n = kl, +2, . . . ), (4) where E is the value of the intersubband transition for a single quantum well.
This interpretation is consistent with the previously discussed data, since the miniband dispersion for the electron (heavy hole) is 4, = 4 meV (Ahh --0 meV), which leads to f, = 2.00 (fhh~o o). " Thus, the physical situation in this sample is such that electrons and heavy holes are confined by the electric Beld, while light holes are unconfined because their bands are practically lined up on both sides of the heterojunction (i.e. , Q is very close to Qo). The consistency of this interpretation is shown by the plot of Eq. (4) [inset of Fig. 1(a) ] and the fact that the electric Beld obtained from this plot is similar to that previously obtained from the Franz-Keldysh plot (see last two columns of Table II ). The difFerence between the values of the built-in field obtained by each method could be attributed to uncertainties in the choice of the appropriate effective mass for the light hole in using Eq.
(2). This value is afFected both by the alloying and by the strain (which mixes light-hole with spin-orbit states), and a variation in the choice of the light-hole mass can bring both fields in Table II into exact coincidence.
In Fig. 2 of the electric Beld obtained from the slopes of these two straight lines are in good agreement with one another, when one takes into account the uncertainty in the choices of appropriate effective masses already discussed. This interpretation is consistent since in this case b"= 29 meV (Ahh = 2 meV), yielding an efFective electric field f = 0.13 (f = 1.90) for electrons (heavy holes). Thus, the physical situation here would be that of heavy holes confined by the electric Geld to a single quantum well, while both electrons and light holes are free to be accelerated by the built-in electric Geld.
The combined results of samples A and B show that the light hole can be regarded as essentially unconfined in both samples. Since these two samples are very different in indium molar fraction (z = 0.09 and x = 0.195, respectively) and other structural parameters, this argues strongly in favor of the suggestion made in Ref. 2, that the band ofFset in these materials is always such that the tops of the light-hole valence bands are practically aligned on both sides of the heterojunction (Q Qo). This is emphatically demonstrated by the fact that, while electrons are in the two opposite field regimes for both samples (SW for sample A and FK for sample B), light holes are always in the Franz-Keldysh regime. To the best of our knowledge this is the first time that the two regimes have been simultaneously observed in the same sample for two types of carriers.
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